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FIBER OPTIC BASED IN-SI'TU DIAGNOSTICS
FOR PEM FUEL CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit under 35

U.S.C. § 119(e) of U.S. Provisional Application No. 60/809,
422, filed May 30, 2006. The foregoing application 1s also
hereby incorporated by reference 1n its entirety for all pur-
poses.

BACKGROUND
[0002] 1. Technical Field
[0003] The present disclosure relates to systems and meth-

ods for optical diagnostics in a Proton Exchange Membrane
(PEM) fuel cell using absorption spectroscopy.

[0004] 2. Background Art

[0005] Proton exchange membrane (PEM) fuel cells gen-
erate electricity directly through two electrochemical reac-
tions. These reactions take place at the interface between a
proton conductive membrane and catalyst electrodes. In a
PEM fuel cell, controlled hydration of the membrane 1is
required to ensure effective operation. The hydrogen and
oxygen feed streams are typically hydrated to bring water
vapor 1nto the cell. Several transport processes are respon-
sible for non-homogeneous distribution of water across the
cell cross-section including diffusion due to partial pressure
gradients and electro-osmotic drag ol water by protons
through the membrane (see, e.g., J. Larminie, A. Dicks, Fuel
Cell Systems Explained, Wiley, New York, 2000, pp. 1-6 and
pp. 69-77;, and P. Costamagna, S. Sirinivasan, J. Power
Sources, 102 (2001) 253-269). In addition, the cathode reac-
tions also produce water that may condense depending on
local temperature and partial pressure with respect to the fuel
cell.

[0006] Overall performance of the fuel cell can be very
sensitive to water management since excessive water can lead
to flooding and limit the rate of reactant transport to the
electrodes. Moreover, a reduction in water can decrease the
protonic conductivity of the membrane. Nafion©, which 1s
currently the most common membrane material exhibits a
protonic conductivity change of an order of magnitude due to
variation of relative humidity between 35 and 85% (see, e.g.,
G. Albert1, M. Casciola, L. Massinell1, B. Bauer, J. of Mem-
brane Sci., 185 (2001)73-81). Similarly, the temperature of a
PEM tuel cell impacts performance of the catalyst electrodes,
water transport and liquid/vapor balance.

[0007] Understanding of the distribution of water and local
temperatures within operating fuel cells can significantly
impact optimization of fuel cell system operation and design.
Accurate, fast, in-situ measurements of water concentration
would enable both better understanding of water transport,
thereby 1mproving cell design and advanced control strate-
g1es.

[0008] Development of tools for sensing temperature and
chemical species i fuel cells 1s a relatively new area of
research. Until recently, most measurements 1n fuel cell sys-
tems were limited to global measurements of electrical cell
performance. Polarization curve measurements, for example,
are routinely used to track cell performance and can be com-
bined with simple models to diagnose component problems
in the cell (see, e.g., M. L. Perry, ] Newman, E. J. Cairns, J.

FElectrochem. Soc., 145 (1998) 5-13). More recent refinement
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of global measurement techniques has permitted monitoring
of flooding or drying conditions based on pressure drop

across the cell (see, e.g., F. Barbir, H. Gorgun, X. Wang, J.
Power Sources, 141 (2005) 96-101; and W. S. He, G. Y. Lin,

T. Van Nguyen, AIChE J., 49 (2003) 3221-3228), separation
of anode and cathode contributions to cell polarization based
on 1impedance spectroscopy (see, e.g., J. T. Mueller, P. M.
Urban, J. Power Sources, 75 (1998) 139-143), and diagnosis
of gas diffusivities at electrodes based on rapid gas supply
interruption (see, e.g., J. Stumper, H. Haas, A. Granados, J.
FElectrochem. Soc., 152 (2005) A837-A844). However, these
techniques are generally limited to providing only informa-
tion integrated across the cell.

[0009] More recent developments have enabled character-
ization of local cell conditions. The development of seg-
mented fuel cells enables measurements of local electrical
performance (see, e.g., J. Stumper, S. A. Campbell, D. P.
Wilkinson, M. C. Johnson, M. Davis, Electrochem. Acta, 43
(1998) 3773-3783; and M. M. Mench, C. Y. Wang, M Ish-
ikawa, J. FElectrochem. Soc., 150 (2003) A1032-A1039).
Observation of local chemical conditions have been made
using simple visual observations of bubble formation through
windowed direct methanol fuel cells (see, e.g., H. Yang, T. S.
Zhao, Q. Ye, J. Power Sources, 139 (2005) 79-90), physical
probe measurements using gas chromatography (see, e.g., Q.
Dong, J. Kull, M. M. Mench, J. Power Sources, 139 (2005)
106-114; and M. M. Mench, Q. L. Dong, C.Y. Wang, J. Power
Sources, 124 (2003) 90-98), and more sophisticated optical

approaches such as liquid water measurements via neutron

scattering (see, e.g., D. Kramer, J. Zhang, R. Shimoi, E.
Lehmann, A. Wokaun, K. Shinohara, G. G. Scherer, Elecrm-

chem. Acta, 50 (2005) 2603-2614; and R. Satija, D. L. Jacob-
son, M. Arif, S. A. Wermner, J. Power Sources, 129 (2004)
238-245), membrane hydration via x-ray scattering (see, e.g.,
V. R. Albertini, B. Paci, A. Generosi, S. Panero, M. A.
Navarra, M. di Michiel, Electrochem. Sol. State Let., 7 (2005)
A519-A521), catalyst composition via x-ray absorption (see,
e.g., R. Viswanathan, R. L, E. S. Smotkin, Rev. Sci.
Instrum., 73 (2002) 2124-2127; and A. E. Russell, S. Man-
iguet, R. J. Mathew, J. Yao, M. A. Roberts, D. Thompsett, J.
Power Sources, 96 (2001) 226-232), Fournier transform inira-
red (FTIR) spectroscopy (see e.g., I. Tkach, A. Panchenko, T.
Kaz, V. Gogel, K. A. Frniedrich, E. Roduner, Phys. Chem.
Chem. Phys., 6 (2004) 5419-5426), and membrane water
content and acidity via fiber based fluorescence (see, e.g., Y. P.
Patil, T. A. P. Seery, M. T. Shaw, R. S. Parnas, ACS Fuel Chem.
Pre., 49 (2004) 683; and Y. P. Patil, T. A. P. Seery, M. T. Shaw,
R. S. Pamas, Ind. Eng. Chem. Res., 44 (2005) 6141).

[0010] Most of the techniques available for local measure-
ments of chemical composition are limited by either requiring
extractive sampling as in the case of gas chromatography and
FTIR spectroscopy, which limits their temporal response, or
by using facilities that are not easily implemented 1n routine
system measurements, as in the case of neutron scattering and
x-ray absorption. Transient gas-phase measurements using
non-intrusive laser-based 1n-situ diagnostics during a
dynamic cycle of fuel cell operation currently do not exist.

[0011] Existing water vapor partial pressure measurements
related to fuel cell operation are confined to probe sample
extraction and inlet and outlet measurements using gas chro-
matography and Fourier transform inirared spectroscopy.
These measurements provide only integrated values across a
tuel cell and do not provide local measurements. Accordingly,
a need exists for systems and methods for convenient and
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in-situ gas phase concentration measurement of an operating
tuel cell, particularly related to PEM fuel cells.

[0012] These and other disadvantages and/or limitations
are addressed and/or overcome by the systems and methods
of the present disclosure.

SUMMARY

[0013] The present disclosure relates to systems and meth-
ods for measuring partial pressure and temperature within a
tuel cell. In an exemplary embodiment, the system includes:
(a) a fuel cell having a proton exchange membrane (PEM)-
clectrode assembly and a bipolar plate that includes at least
one flow channel adapted to allow for transmission of light
through the at least one tlow channel; (b) at least one light
source adapted to transmit light through the at least one tlow
channel; (c¢) at least one reference light sensor for measuring
the light transmitted from the light source prior to passing
through the at least first flow channel; and (d) at least one
transmission light sensor for measuring the light transmitted
through the at least one flow channel. The measured light
transmitted through the at least one flow channel represents
light absorption through the flow channel and 1s processed
along with the reference light measurement to determine
values for at least one of a gas species partial pressure or a fuel
cell temperature.

[0014] In an exemplary embodiment, the at least one flow
channel associated with the bipolar plate includes oppositely
positioned first and second collimating lenses coupled with
optical fibers. Each collimating lens 1s positioned at opposite
ends of the flow channel. The optical fibers are selected with
reference to a specific wavelength associated with the light
source and with reference to an absorption profile of a gas
species. In an exemplary embodiment, the light source 1s a
laser light source and the transmitted light 1s a laser beam. In
a further exemplary embodiment, the bipolar plate includes at
least one flow channel adapted to allow for transmission of a
near inirared laser beam through the flow channel. The gas
species can be a gas selected from the group consisting of
water vapor, CO, CO,, CH,, H,, O,, and combinations
thereof.

[0015] In an exemplary embodiment, the measured light
transmission 1s characterized by tunable diode laser absorp-
tion spectroscopy (ITDLAS). The light measurements can be
taken during steady-state fuel cell operation and/or during
dynamic fuel cell operation.

I'ypically, the reference light
sensor and the transmission light sensor are photodiode sen-
sors characterized by a fiber optic coupled diode-sensor. The
transmitted light 1s characterized by a light wavelength trans-
mitted over several water rotational and vibrational transition
states 1n the fuel cell.

[0016] In an exemplary embodiment, the bipolar plate
includes a plurality of flow channels. Each of the plurality of
flow channels 1s adapted to allow for light to pass through the
flow channel and be measured by a light sensor. Light mea-
surements can be taken in a non-operating fuel cell having
iput gas streams ol known humidity thereby allowing for
calibration of fuel cell parameters. The parameters are
selected from the group consisting of light absorption, gas
inputs to the fuel cell, operating temperature, humidity of gas
inputs and combinations thereof. In an exemplary embodi-
ment, light measurements are taken 1n a non-operating fuel
cell having gas streams of known humidity thereby allowing
for testing of fuel cell response to different fuel cell param-
cters. In a further exemplary embodiment, the light measure-
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ments are taken during fuel cell operation to allow for exam-
ining eilects of incoming gas humidity and load on water
vapor partial pressure 1n the at least one flow channel.

[0017] In an exemplary embodiment, the partial pressure
and temperature values resulting from measured light trans-
mission are received by at least one fuel cell controller
adapted to process the measured light values and, based on the
measurements, control output of at least one system compo-
nent selected from the group consisting of a heating source
adapted to heat the fuel cell, at least one humidifier adapted to
humidify at least one inlet stream into the fuel cell, a load box
or external circuit adapted to apply load on the fuel cell, and
combinations thereol to operate the fuel cell at desired oper-
ating conditions.

[0018] In an exemplary embodiment, the partial pressure
values resulting from measured light transmission and the
reference light transmission sensor are received by at least
one data acquisition and laser controller adapted to process
the measured values and, based on the measurements, control
output of at least one system component selected from the
group consisting of a light source temperature controller, a
light source current controller and combinations thereof to
transmuit light at a desired wavelength.

[0019] The present disclosure provides for several mea-
surements to be taken across the at least one flow channel to
generate at least one parameter profile for at least one known
parameter versus the partial pressure and temperature mea-
surements. In an exemplary embodiment, the collimating
lenses are adapted to: (1) seal the tlow channel; and (11) colli-
mate the transmitted light.

[0020] The present disclosure provides for a system for
measuring parameters associated with a fuel cell 1 situ
including: (a) a fuel cell including: (1) an air stream inlet on a
cathode side; (11) a hydrogen stream inlet on an anode side;
and (111) a bipolar plate positioned between the cathode side
and the anode side, the bipolar plate having at least one tlow
channel adapted to allow for light transmission through the
flow channel; (b) a light source adapted to transmit a light
beam through the at least one flow channel; (¢) a reference
light sensor coupled to the light transmission prior to trans-
mission of light through the flow channel; (d) a transmission
light sensor coupled to the light transmitted through the flow
channel; and (e) a data acquisition and light control apparatus
coupled to the reference light sensor, the transmission light
sensor, a light source temperature controller and a light source
current controller. Typically, the light source temperature
controller and the light source current controller are in com-
munication with the light source and are operably adapted to
modily the light transmission from the light source. In an
exemplary embodiment, the data acquisition and light control
apparatus 1s a computer that processes the reference light
values and the transmitted light values from the light sensors
to generate data on gas species partial pressure and fuel cell
operating temperature.

[0021] In an exemplary embodiment according to the
present disclosure, the system further includes: (1) a hydrogen
stream humidifier adapted to humidity an inlet hydrogen
stream coupled to the hydrogen stream inlet associated with
the fuel cell; (11) an air stream humidifier adapted to humadify
an 1nlet air stream coupled to the air stream 1nlet associated
with the fuel cell; and (111) a heating source coupled to the fuel
cell. The hydrogen stream humidifier, the air stream humaidi-
fier and the heating source can each be in communication with
a fuel cell controller adapted to adjust: (1) the humidity of the
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inlet hydrogen stream, (11) the humidity of the inlet air stream
and (111) the temperature of the fuel cell. In an exemplary
embodiment, the fuel cell controller 1s in communication with
an electrical load box coupled to the fuel cell. The electrical
load box 1s adapted to deliver voltage to the fuel cell.

[0022] In an exemplary embodiment, the light source 1s a
laser light source adapted to transmit a laser beam. In a further
exemplary embodiment, the system further includes an opti-
cal splitter adapted to split the light transmitted from the light
source 1nto a reference beam coupled to the reference light
sensor and a transmission beam that passes through the at
least one flow channel coupled to the transmission light sen-
sor. Typically, the light sensors are photodiode light sensors.

[0023] The present disclosure provides for an exemplary
method for measuring partial pressure and temperature of a
tuel cell, including the steps of: (a) transmitting light from a
light source through at least a first flow channel of a bipolar
plate included 1n a fuel cell; (b) measuring the transmitted
light from the light source by a reference light sensor; (c)
measuring the transmitted light through the flow channel by at
least one transmission light sensor coupled to the flow chan-
nel, and (d) generating at least one of gas species partial
pressure data or fuel cell temperature data from the light
measured by the reference light sensor and the transmission
light sensor. In an exemplary embodiment the reference light
sensor and the transmission light sensor are 1n communica-
tion with a data acquisition and light controller apparatus
adapted to receive the sensor measurements and generate the
partial pressure and temperature data. The data acquisition
and light controller apparatus can further be 1n communica-
tion with a light source temperature controller and a light
source current controller coupled to the light source.

[0024] In an exemplary embodiment, the light source 1s a
laser light source adapted to transmit laser light beams
through the flow channel. The fuel cell typically includes a
hydrogen stream 1inlet and an air stream 1nlet. Generally, the
hydrogen stream inlet passes through a hydrogen stream
humidifier and the air stream inlet passes through an air
stream humidifier. In an exemplary embodiment, the hydro-
gen stream humidifier and the air stream humidifier are 1n
communication with a tuel cell controller.

[0025] The present disclosure provides for an exemplary
method such that the fuel cell 1s coupled to an electrical load
box adapted to deliver voltage to the fuel cell and a heating
source adapted to heat the fuel cell. The electrical load box
and the heating source are in communication with the fuel cell
controller.

[0026] Additional features, functions and benefits of the
disclosed systems and methods will be apparent from the
description which follows, particularly when read in conjunc-
tion with the appended figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] To assist those of ordinary skill in the art 1n making
and using the disclosed systems and methods, reference is
made to the appended figures, wherein:

[0028] FIG. 1 1s a schematic illustrating an experimental
setup for calibration, steady-state, and dynamic testing of a
tuel cell system associated with the present disclosure;

[0029] FIG. 2 1s a graph illustrating exemplary sample
spectrum measured 1n an exemplary fuel cell system accord-
ing to the present disclosure using tunable diode laser absorp-
tion spectroscopy (IDLAS);
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[0030] FIG. 3 1s a graph illustrating ratio of absorption
coellicients atabout 60° C. and about 80° C. versus line center
wavelength with respect to an exemplary testing of a system
associated with the present disclosure;

[0031] FIG. 4 1s a graph 1llustrating simulated absorption
profiles for different partial pressures at T=80° C. associated
with testing of an exemplary fuel cell system according to the
present disclosure;

[0032] FIG. 5 1s a graph illustrating normalized absorption
profiles at about 60° C. and about 80° C. for P =0.19 atm
associated with testing of an exemplary fuel cell system
according to the present disclosure;

[0033] FIG. 6 1s a graph illustrating vanation of Lorentzian
half-width with temperature associated with testing of an
exemplary fuel cell system according to the present disclo-
sure;

[0034] FIG. 7 1s a graph illustrating vanation of Lorentzian
half-width with partial pressure at T=80° C. associated with
testing of an exemplary fuel cell system according to the
present disclosure;

[0035] FIG. 8 1s a graph illustrating variation of peak
absorption coetlicients with temperature for different partial
pressure conditions associated with testing of an exemplary
tuel cell system according to the present disclosure;

[0036] FIG. 9 1s a graph 1llustrating half-width calibration
versus partial pressure associated with testing of an exem-
plary tuel cell system according to the present disclosure;
[0037] FIG. 10 1s a graph illustrating calibration of peak
intensities versus temperature associated with testing of an
exemplary fuel cell system according to the present disclo-
SUre;

[0038] FIGS. 11(a) and (b) are graphs illustrating partial
pressure and temperature measurements under steady-state
operation at (a) 60° C. (P__=0.20 atm) and (b) 75° C. (P__ 0.

St

38 atm) associated with testing of an exemplary fuel cell
system according to the present disclosure;

[0039] FIG. 12 1s a graph illustrating a sample dynamic
cycle associated with operation of an exemplary fuel cell
system according to the present disclosure;

[0040] FIG. 13 1s a graph 1llustrating partial pressure and
temperature measurements for inlet P _=0.07 atm, cell tem-
perature=60° C. (P__=0.20 atm) with dynamic cycling asso-

ciated with operation of an exemplary fuel cell system
according to the present disclosure; and

[0041] FIG. 14 1s a graph 1illustrating partial pressure and
temperature measurements for inlet P =0.19 atm, cell tem-
perature=80° C. (P__=0.4"7 atm) with dynamic cycling asso-

clated with operation of an exemplary fuel cell system
according to the present disclosure.

DESCRIPTION OF EXEMPLARY
EMBODIMENT(S)

[0042] Inanexemplary embodiment, the present disclosure
provides for systems and methods for measuring gas partial
pressure and temperature of a fuel cell mn-situ utilizing tun-
able diode laser absorption spectroscopy (TDLAS). In an
exemplary embodiment, at least one chosen gas species par-
tial pressure and fuel cell temperature within the fuel cell can
be measured during fuel cell operation. In an exemplary sys-
tem associated with the present disclosure, a fiber optic
coupled diode light sensor 1s constructed and adapted to mea-
sure 1n-situ water vapor partial pressure within an active
proton-exchange membrane (PEM) fuel cell.
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[0043] An exemplary PEM {fuel cell according to the
present disclosure includes a bipolar plate adapted to allow
for transmission of a near inirared laser beam through at least
one tlow channel on either a fuel or oxidizer side of the tuel
cell’s membrane-electrode assembly. A laser wavelength
associated with the laser transmission 1s scanned over several
water rotational and vibrational transitions occurring within
the fuel cell. Light absorption 1s detected by measuring the
transmitted laser power passing through the fuel cell system.
Intensity and line shape of the measured transition 1s used to
extract path-averaged values for particular gas species partial
pressure.

[0044] In an exemplary embodiment, measurements are
iitially taken in a non-operating fuel cell. Using known
temperature and humidity input gas streams associated with a
base case non-operating system, calibration and testing of the
optical device 1s achievable. The present disclosure further
provides for exemplary techniques for rapid determination of
water vapor partial pressure of an exemplary fuel cell. A
particular optical technique associated with the present dis-
closure 1s applicable over a significant temperature and
humidity operating range of a PEM fuel cell. The measure-
ment technique can be applied to operating PEM fuel cell
system(s) to examine the effects of incoming gas humidity
and/or load on the gas partial pressure variation 1n at least one
of a plurality of flow channels.

[0045] An exemplary system associated with the present
disclosure 1s adapted to feeding partial pressure and/or tem-
perature data 1into a controller of a fuel cell. The controller 1s
adapted to (1) recerve partial pressure and/or temperature data
from one or more channels of a fuel cell; and (11) incorporate
the partial pressure and/or temperature data to optimize oper-
ating conditions. Exemplary operating conditions include but
are not limited to: air flow rate, hydrogen tlow rate, tempera-
ture, humidity (1.e., water flow rate), and/or load (1.e., voltage
input). An exemplary controller can be adapted to receive
multiple measurements in real-time thus allowing the overall
tuel cell operation to be adjusted based on dynamic operating
conditions. Examples of applicable systems capable of ben-
cfiting from the presently disclosed systems and/or methods
include but are not limited to any vehicle or power source
adapted to generating energy and/or power from a fuel cell,
such as an automobile or a power generator.

[0046] An exemplary embodiment associated with the
present disclosure generally provides for an optical technique
for measuring at least one chosen gas species partial pressure
and internal temperature within PEM fuel cells based on gas
species absorption of light transmission through flow pas-
sages associated with a bipolar plate. A chosen gas species
can include but 1s not limited to water vapor partial pressure,
CO, CO,,CH,, O,,H,, and combinations thereof. Certain gas
species are measurable depending on the wavelength of the
light source used. In an exemplary embodiment, the chosen
gas species partial pressure measured can be any gas species
having a dipole moment adapted to absorb light transmission.
In an exemplary embodiment, light 1s transmitted through at
least one flow channel and transmission 1s measured by a light
sensor. The measured light transmission 1s then compared to
a transmission measurement of a reference light sensor. The
difference in transmission values from reference to transmit-
ted light represents absorption.

[0047] The present disclosure provides for an exemplary
system adapted to permit non-intrusive 1n-situ measurements
of partial pressure and temperature associated with operating
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conditions within a fuel cell. Non-intrusive in-situ measure-
ments should enhance the capabilities of existing measure-
ment techniques. Typically, an exemplary measurement
approach associated with the present disclosure can be vali-
dated in steady-state operation ol a PEM cell. Validation 1s
typically accomplished by operating the cell under controlled
humidity of incoming gas streams and cell temperature con-
ditions.

[0048] When testing a PEM fuel cell for validation or stud-

ies, optical measurements can be applied to the PEM cell.
Often, measurements are taken while the fuel cell 1s under-
going 1nduced cyclic loading during the test. Typically, the
loading 1s meant to simulate conditions that may be present 1n
transportation applications where 1nstantanecous power
requirements fluctuate. An example of such an application
includes but 1s not limited to an automobile. The measure-
ments ol gas partial pressure and temperature 1n a cathode
flow passage of the bipolar plate generally detail the time
response ol an exemplary measuring system to transient
events. Thus, an exemplary measuring system according to
the present disclosure can be adapted to calibrate a fuel cell
and/or input parameters to the fuel cell or fuel cell controller
based on data received from the validation testing.

[0049] In an exemplary embodiment, a TDLAS system 1s
adapted to alter the laser wavelength to access multiple water
transitions with different temperature sensitivities. This can
typically enable simultaneous recovery of both water vapor
partial pressure and gas-phase temperature associated with
fuel cell operation. The TDLAS system can be adapted to
provide for suflicient temporal resolution to examine the
variations 1n gas-phase composition and temperature in a
single localized flow passage associated with a bipolar plate
during unsteady-state fuel cell operation. An exemplary sys-
tem 1s adapted to yield effective measurement results related
to a fuel cell running under both steady and dynamic condi-
tions including simulated non-uniform loading that might
occur 1n practical applications.

[0050] The present disclosure provides for exemplary sys-
tems for measurement of fuel cell operating conditions using,
TDLAS. This 1s achieved by launching a laser beam 1into at
least one narrow flow channel associated with a PEM fuel cell
and detecting light absorption. In an exemplary embodiment,
light absorption can be detected using a photodiode light
sensor. In a further exemplary embodiment, unique signal
analysis procedures are utilized to obtain both partial pressure
and gas temperature 1n a single laser wavelength scan. This
allows for measurements at high repetition rates, thus, allow-
ing for a plurality of measurements over a relatively short
time period. By utilizing a unique selection of laser wave-
length, sensitivity of the temperature measurement can be
significantly extended relative to existing TDLAS measure-
ment systems.

[0051] Improved features over existing systems associated
with present disclosure include but are not limited to: (1)
ability to make temperature measurements in narrow flow
channel(s) associated with PEM fuel cells non-intrusively
and generally exhibiting high data acquisition rates; (2) data
analysis procedures generally enabling extraction of both
water vapor partial pressure and gas temperature simulta-
neously from one measurement; and/or (3) water transition
selection for high sensitivity temperature measurements gen-
erally within the range of temperatures typically required for
tuel cell applications.
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[0052] An exemplary system associated with present dis-
closure includes a measuring system that can feed partial
pressure and/or temperature data of a fuel cell into a controller
of the tuel cell. In an exemplary embodiment, the controller 1s
adapted to: (1) recerve partial pressure and/or temperature
data from one or more channels of a fuel cell; and (11) 1ncor-
porate the partial pressure data to optimize operating condi-
tions such as air flow rate, hydrogen tlow rate, temperature,
humidity (1.e., water flow rate), and/or load (i.e., voltage
input).

[0053] Unlike systems associated with existing measure-
ment techniques that currently only receive partial pressure
readings at an exhaust of the fuel cell and/or must take manual
gas samplings for analysis, the present disclosure provides for
systems that can be adapted to take multiple measurements 1n
almost real-time, thus allowing the overall fuel cell operation
to be adjusted based on dynamic operating conditions. More-
over, the present disclosure provides for an exemplary system
capable of partial pressure and temperature measurements
across different segments of the channel, not merely at the
exhaust as currently limited by existing systems.

[0054] The present disclosure provides for an exemplary
system utilizing TDLAS to measure a chosen gas species
partial pressure and gas temperature. This 1s achieved through
using wavelength selection that 1s appropriate for simulta-
neous determination of both parameters. Accordingly, 1n an
exemplary embodiment, advantageous adjustments to the
tuel cell operation can be made by spectral fitting of measured
absorption profiles from which the partial pressure 1s deter-
mined from a half-width vanation of absorption spectra.
Moreover, temperature can be determined from peak absorp-
tion.

[0055] FIG.11llustrates an exemplary testing schematic for
an exemplary measuring system 10 according to the present
disclosure. In an exemplary embodiment, system 10 includes
a bipolar fuel cell 100. Fuel cell 100 can be any power gen-
erating fuel cell including but not limited to a PEM fuel cell.
Laser light source 14 (also referred to as Laser 14) transmuits
laser light through at least one flow channel 101 associated
with fuel cell 100. In an exemplary embodiment, a photo-
diode light sensor (PD1) measures the incoming wavelength
of the incoming laser transmission. Typically, an optical split-
ter 114 1s utilized to allow for PD1 to receive an 1nitial laser
transmission measurement. PD1 can be referred to as a ref-
erence light sensor. PD1 provides for a reference measure-
ment to later be compared to an absorption measurement
generated through a second photodiode light sensor (PD2).
PD2 1s adapted to recerve the output laser transmission after
passing through flow channel 101.

[0056] Both PD1 and PD2 feed wavelength data back to a

data acquisition and laser controller computer 11. Controller
11 1s adapted to communicate with a laser source temperature
controller 12 and a laser source current controller 13. Con-
trollers 12 and 13 are adapted to adjust the laser transmission
from laser 14 in response to a communication from controller
11. In an exemplary embodiment, controller 11 recerves mea-
surements from PD1 and PD2 and adjusts controllers 12 and
13 1n response to the measurements. In an exemplary embodi-
ment, controller 11 communicates appropriate parameter
adjustments in controllers 12 and 13 to ensure fuel cell 100 1s
operating under desired conditions.

[0057] System 10 further includes at least two humidifiers,
a hydrogen (H,) humidifier 15 and an air humidifier 16.

Hydrogen humidifier 15 receives an inlet hydrogen stream 17
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to mix with a body of water 110. A mixture of water and
hydrogen tlows to the fuel cell from humidifier 15 via fuel cell
H, inlet stream 17'. Fuel cell 100 recerves nlet stream 17" via
inlet 102. Air humidifier 16 receives an inlet air stream 118 to
mix with body of water 111. A mixture of water and air tlows
to the fuel cell from humidifier 16 via fuel cell air inlet stream
18'. Fuel cell 100 recerves stream 18' via inlet 103.

[0058] Flow rates associated with streams 17" and 18' can
be adjusted through an H, flow valve 107 and an air flow valve
108 respectively. In an exemplary embodiment, tlow valves
107 and 108 are 1n communication with a fuel cell controller
computer 19. Controller 19 1s adapted to adjust flow rates of
flows 17" and 18' via valves 107 and 108 respectively. Con-
troller 19 1s further adapted to receive temperature measure-
ments of the fuel cell from at least a first thermocouple TC1.
Thermocouple TC1 1s coupled to a heating source that 1s
externally coupled to the fuel cell to effectuate temperature
change ofthe fuel cell. Adjustments to valves 107 and 108 can
be made 1n response to TC1 measurements. Each humidifier
15 and 16 includes a thermocouple TC2 and TC3 respec-
tively. TC2 and TC3 allow for monitoring humidifier tem-
perature to ensure eflective operating conditions with respect
to system 10.

[0059] In an exemplary embodiment, controller 19 1s 1n
communications with an electric load box 20 adapted to
deliver voltage and/or increase load to fuel cell 100. Box 20
can be a Scribner Electric Load Box as illustrated 1n FIG. 1.
Box 20 delivers load to fuel cell 100 to simulate potential
dynamic operating conditions. This affords several testing
benefits including but not limited to effective studying of fuel
cell parameters under dynamic conditions, calibration of the
tuel cell and fuel cell optimization.

[0060] Measurement calibration graphs for water vapor
partial pressure and temperature parameters are represented
in FIGS. 2 and 3 respectively. Several benefits can result
through appropriate selection of spectral range as well as
obtaining both temperature and water partial pressure data
from a single scan associated with a selected spectral region.
This allows calibrating parameters of an exemplary fuel cell
to operate under desired conditions. Moreover, an operable
laser wavelength with respect to a given fuel cell temperature,
load, configuration and length conditions can also be deter-
mined.

[0061] Inanexemplary embodiment, the present disclosure
provides for a system adapted to measure liquid species con-
centration and fuel cell temperature 1n a single phase fuel cell
application. Examples of single phase fuel cell applications
include but are not limited to methanol or ethanol. With
respect to a single phase embodiment, concentration of a
chosen species such as methanol, ethanol, CO,, O,, CO, H,O
and combinations thereof 1s measured using the technique(s)
previously described with respect to gas phase applications.

[0062] To further illustrate applications and advantages
associated with the present disclosure, reference 1s made to
the following examples. However, 1t 1s to be understood that
such examples are not limiting with respect to the scope ol the

present disclosure, but are merely illustrative of exemplary
implementations and/or utilities thereof. The following
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examples describe exemplary systems and methods for
simultaneous water vapor concentration and temperature
measurements.

Example 1

[0063] TDLAS 1s a particular technique effective in mea-
suring water vapor absorption profiles as a function of exci-
tation wavelength. However, the present disclosure describes
systems and methods that differ from the prior art methodol-
ogy in that, the operating temperature associated with the tuel
cell 1s much lower than previously described temperature
environments such as combustion vapor concentration mea-
surements. Accordingly, different temperature ranges require
unique laser wavelength regimes in order to accomplish
clifective measurements. In an exemplary embodiment, a
laser and/or wavelength associated with the laser 1s selected
to enable measurement of water transitions in a different
wavelength regime.

[0064] The present disclosure provides for an exemplary
system wherein a fiber pig-tailed output of a distributed feed-
back (DFB) diode laser (INEL # NLK1S5G1AA) at a wave-
length of 1470 nm, for example, 1n a near-1R range is split by
an optical splitter such as a 2x2 fiber splitter. Typically, a first
leg of the splitter 1s adapted to be directly coupled to a sensor,
such as a photodiode, serving as a reference measurement of
the laser power without water absorption (Io). The output
from a second leg 1s adapted to pass through an optically
accessible PEM ftuel cell using a modified bipolar plate.
[0065] The bipolar plate can typically be adapted to define
a serpentine geometry such that long flow passages extend
over the entire fuel cell width. In an exemplary embodiment,
a bipolar plate includes a plurality of flow channels. In a
turther exemplary embodiment, a bipolar plate includes at
least three channels. Each of the at least three channels can be
identified as a first, a second and a third channel. In an exem-
plary embodiment, the third channel extends from an air inlet
on a cathode side and 1s milled out to an opposite end of the
bipolar plate. It 1s further fitted with two miniature collimat-
ing optics such that the laser emission can pass through the
cell.

[0066] Although reference 1s being made to the third chan-
nel, the exemplary diagnostic technique described herein 1s
equally as effective for all other channels associated with the
tuel cell. Moreover, multiple channel momitoring 1s achiev-
able through multiplexing. In an exemplary multi-channel
embodiment, a plurality of sensors, such as photodiodes, are
disposed to measure the flow channels of the tuel cell. Each
sensor 1s adapted to measure laser transmission through at
least one flow channel. Each photodiode 1s adapted to receive
a laser transmission across the flow channel to measure laser
absorption. In an exemplary embodiment, a multiplexing
device 1s used to recerve the plurality of sensor measurements
and feeding the measurements to a laser controller.

[0067] In an exemplary embodiment, the total absorption
path length 1s about 7 cm. Since the measurement technique
associated with the present disclosure for determining water
partial pressure 1s linear, the measurement recovers the path
averaged value of partial pressure. In a linear path averaged
value embodiment, variations of measured pressure charac-
teristics (resulting from absorption data) along the line-oi-
sight cannot be determined. In prior art embodiments, tlow
passages were sealed with small windows at each end of the
passage and the laser transmission was collimated externally.
Alignment of these prior art systems 1s tedious since the
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length to width ratio of the channel 1s approximately 100 to 1.
In the exemplary embodiment described herein, the bipolar
plate(s) are configured by placing small collimating lenses,
coupled with optical fibers, directly in each end of the tlow
passage(s). Each configuration 1s adapted to serve as both a
seal to the flow passage and collimate the laser beam. The
laser transmission passes through an alignment fiber optic
which 1s coupled directly 1n the fuel cell improving the repeat-
ability of laser alignment and forming a seal thereof.

[0068] Referring again to FIG. 1, 1n an exemplary embodi-
ment according to the present disclosure, the laser output 1s
captured using a similar photodiode (PD2) as the photodiode
(PD1) used to measure the reference beam. The output pho-
todiode (PD2) measures the attenuated laser power (1) pass-
ing through cell 100 including absorption from water and
non-resonant losses. The hydrogen and other gas streams fed
to fuel cell 100 are typically humidified by passing them
through a temperature controlled (TC2 and TC3) water bath
(110 and 111) to saturate the streams (17" and 18'), as shown
in FIG. 1. Further heating of the gas streams (17' and 18') and
heating the outer surface of the fuel cell provides independent
control of gas and fuel cell temperatures and saturated stream
humidity. In an exemplary embodiment, electrical heating
pads 104 are coupled on the external fuel cell surface.
[0069] In an exemplary embodiment, external electrical
load on fuel cell 100 1s controlled by a fuel cell test system
load box 20, such as a Scribner 890CL. For calibration of an
exemplary system 10, cell 100 1s fed with heated moist air of
known relative humidity but 1s not fed with hydrogen. Alter-
natively, cell 100 1s electrically loaded so that no electro-
chemical reaction occurs to alter the relative humidity of the
cell. In an exemplary embodiment, dry to fully saturated
conditions can be achieved for temperatures generally rang-
ing from about 60 to 85° C., usually within the range of
interest for PEM fuel cells. However, should fuel cells be
designed to operate at different temperatures and/or condi-
tions, system 10 can be calibrated to determine a suitable laser
wavelength, thus adapted to be operable for any fuel cell
design.

[0070] In an exemplary embodiment, the internal fuel cell
pressure 1s atmospheric. The absorption of the laser beam
passing through the gas sample 1s related to the partial pres-
sure, P (atm), of the absorbing species according to Beer’s
law (see, e.g., S. S. Penner, Quantitative Molecular Spectros-
copy and Gas Emissivities, pp. 1-15, Addison-Wesley, 1959):

/ L (1)
— :exp[—f K-Psﬁﬁ'l]
lo 0

[0071] According to Beer’s law, x(atm 'cm™') is the
wavelength and temperature dependent absorption coetfi-
cient. The mathematical integration 1s performed over the
path length L of the gas sample through the bipolar plate. The
absorption coetlicient (K) displays strong peaks as a function
of wavelength due to the discrete rotational and vibrational
energy transitions ol molecular species. The absorption coet-
ficient (K) 1s also temperature dependent resulting from the
distribution of water molecules among 1ts various energy
levels. Also, the width of each transition depends on tempera-
ture.

[0072] Referring again to FIG. 1, a suitable DFB laser 14
can typically have a spectral bandwidth that 1s much narrower
than the molecular transitions. The laser’s wavelength
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depends on both the laser temperature and the current used to
drive the diode laser. In an exemplary embodiment, an imbed-
ded thermoelectric cooler (not shown) positioned within laser
14 and a laser source temperature controller 12 are each
adapted to individually and/or cooperatively control the laser
temperature and permit coarse tuning of the laser wavelength
over 1ts range. In an exemplary embodiment, the temperature
1s held constant during measurements.

[0073] In an exemplary embodiment, a current controller
13, such as a Thorlabs LDC3000, 1s adapted to generate rapid
variation of laser wavelengths by altering the current 1njec-
tion 1nto the diode laser 14. The laser current 1s adapted to be
modulated with a 500 Hz ramp function generated with a data
acquisition computer 11. This ramp modulation 1s adapted to
alter the power as well as the wavelength of laser emission. In
an exemplary embodiment, the laser wavelength can be var-
ied over 0.15 nm and scanned through water absorption fea-
tures. The reference photodiode (PD1) directly monitors the
laser power prior to entering fuel cell 100 to account for 1ts
variation with imjection current. In an exemplary embodi-
ment, peak laser absorption is typically around 2%. Thus, the
water absorption features appear as small dips 1n a measured
laser intensity analysis emerging from the test cell. By taking
the ratio of the laser intensity before and after the test cell
(I/1,), the relative absorption 1s determined as a function of
time. An example of the measured absorption spectrum for an
exemplary laser 1s shown 1n FIG. 2.

[0074] An optical spectrum analyzer (not shown) can be
used to calibrate the laser wavelength as a function of tem-
perature and current. Data from the photodiodes 1s typically
acquired at rate of about 500 kHz collecting about 2000
samples for each current scan resulting in a scan time of about

two milliseconds. In an exemplary embodiment, 500 scans
are averaged to obtain absorption data, which are in turn
processed to determine other parameters such as water vapor
partial pressure and temperature.

10075]

[0076] Ro-vibrational transitions available at 1491 nm are
typically not sufficiently sensitive to temperatures in the
range from about 60° C. to 90° C. The absorption 1ntensity
varies by only about 10% and the spectral width varies by
only about 2.2%. Moreover, difficulties develop when
extracting temperature 1n addition to water partial pressure
under such environments. An exhaustive analysis was per-
tormed with respect to water spectrum from about 1400 nm to
about 1650 nm. This was carried out to determine transitions
that are suitable for temperature measurements generally
within the range of interest with respect to PEM cells. The
range ol about 1400-1650 nm was selected since commer-
cially available, relatively inexpensive diode lasers are manu-
factured in this range. It 1s understood, however, the present
disclosure 1s adaptable to any range made available 1n the
tuture.

[0077] Under typical fuel cell operation, hot spots can
develop causing pinholes or burns 1n the membrane, thus
negatively effecting fuel cell operation and performance. The
present disclosure provides for exemplary systems and meth-
ods that allow for simultaneous partial pressure and tempera-
ture measurements such that, inter alia, hot spots resulting,
from fuel cell operation within the fuel cell can be monitored
before pinholes begin developing in the membrane. In an
exemplary embodiment, measuring temperature facilitates

Spectral Simulations:
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control of operational parameters. This may prevent negative
clfects with respect to the fuel cell and thus improving per-
formance.

[0078] Inan exemplary embodiment, a simulation of water
absorption spectra using an HITR AN database (see,e.g., L. S.
Rothman, C. P. Rinsland, A. Goldman, S. T. Massie, E. D. P.
Edwards, J. M. Flaud, A. Perrin, C. Camy-Peyret, V. Dana, J.
Y. Mandin, J. Schroeder, A. McCann, R. R. Gamache, R. B.
Wattson, K. Yoshino, K. V. Chance, K. W. Jucks, L.. R. Brown,
V. Nemtchinov, P. Varanasi, J. Quant. Spectrosc. Radiat.
Trans., 60 (1998) 6635-710), was executed over a range of
about 1400-1650 nm at typical PEM conditions of water
partial pressure of about 0.19 atm and temperatures of about
60° C.-80° C. The ro-vibrational transitions of water vapor
were simulated using a Voigt function convolution with the
HITRAN intensity and width data. It was found 1n previous
experiments that absorption coetlicients greater than 0.0035
(cm-atm) could be accurately measured with direct absorp-

tion 1n the PEM cell. Thus, an intensity cut-oif was introduced
to filter out spectral lines with absorption coelficients below
0.0035 (cm-atm)~'. The purpose was to extract absorption

coellicients, which are accurately measurable, and to ascer-
tain their temperature sensitivity.

[0079] The simulated absorption coelficients at tempera-
tures of about 60° C. and about 80° C. were divided by one
another to determine the relative change 1n absorption with
temperature only at fixed partial pressure. FIG. 3 illustrates
these results for all transitions meeting the threshold absorp-
tivity requirement at wavelengths between about 1468 and
1482 nm (a subset of the entire range examined). The transi-
tion near 1470 nm shows a 23% vanation of peak absorption
coellicient with temperature, which is the greatest tempera-
ture sensitivity of all lines examined. All the other transitions
in the wavelength range of about 1400-1650 nm have tem-
perature sensitivities much less than 20%. The NEL laser
(NLK1S5G1AA) was thus selected for measurements 1n this
region.

[0080] An exemplary methodology for extracting partial
pressure and temperature simultaneously was developed
based on the HITRAN simulations. FIG. 4 1llustrates the
simulated absorption profiles 1n the range of about 1470.30-
1470.42 nm (6800.75-6801.3 cm™") across the temperature

sensitive water feature for a fixed temperature of about 80° C.
with respect to different water partial pressures. Water-water
collisions are very elfective at broademing water absorption
profiles (compared to water-air collisions). Thus, the width of
the profile changes substantially with water partial pressure.
Moreover, the increase 1n profile width 1s so strong that the
peak intensity of the water absorption decreases with increas-
ing water partial pressure. Since the temperature remains
constant, this half-width change 1s dominated by the Lorent-
z1an part ol the Voigt profile, which governs collisional broad-
enming. Consistent with previous analysis, a Lorentzian profile
can be used 1n place of the more complicated Voigt profile to
describe the profile shape with minimal error. For this exem-
plary transition, the width varies by about 60% for water
partial pressure variations of about 0.19-0.45 atm.

[0081] FIG. 5 illustrates simulated normalized water spec-
tra for cold and hot conditions often expected in a PEM fuel
cell at a partial pressure of about 0.19 atm. Absorption peaks
vary by about 23% for a change of temperature of about 20°
C. However, less than about 5% change 1n the profile width 1s
observed, which 1s dominated by collisional broadening of
water-water collisions as 1s evident from FIG. 5. Thus, width
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and intensity of measured profiles can be effective to extract
simultaneously water partial pressure and temperature data.
This was not possible 1n the prior art references since the laser
wavelength available probed a temperature insensitive water
transition.

[0082] FIGS. 6 and 7 illustrate certain advantageous fea-
tures associated with the present disclosure. Predicted profile
half-widths are shown for five separate transitions, each
adapted to be accessible with an NEL laser acquired for these
measurements. The variation with temperature (FIG. 6) 1s
very small 1n each case, while the variation with partial pres-
sure (FIG. 7) 1s significant. Thus, a curve fit to the measured
data 1s effective to extract the partial pressure independent of
temperature from the halt-width. Since the peak intensity 1s
both a function of partial pressure and temperature, knowl-
edge of the partial pressure can then be used to extract the
temperature from the peak intensity.

[0083] FIG. 8 illustrates variation of peak absorption coet-
ficient with respect to temperature for various partial pressure
conditions based on HITRAN simulations. Once the partial
pressure 1s obtained from a half width, a constant partial
pressure line 1s chosen and the peak absorption coelfficient 1s
related to the temperature. The dashed lines indicate a zone
where water becomes saturated at a predicted temperature so
that two-phase flow would exist 1n the bipolar plate. No data
in this zone 1s possible since condensation inside the gas
channels prevent transmission of the laser beam. Moreover,
the loss of absorption signal 1s a good indicator of water
condensation in the flow channel as a result of beam path
blockage. The spacing between the 1so-partial-pressure lines
1s sufficient for an accurate determination of both temperature
and water vapor partial pressure as demonstrated in the exem-
plary measurements described herein. Since these measure-
ments are based on equilibration of rotational molecular
energy modes, which are much faster than the dynamic pro-
cesses occurring 1n fuel cells, this technique 1s applicable for
steady-state and dynamic operation of the fuel cell.

Example 2
System Calibration

[0084] In an exemplary embodiment, measurements are
first made 1n a fuel cell without external loading or hydrogen
flow. This allows for calibrating measured half-widths and
spectral intensities against simulated data profiles. As estab-
lished from the previously described HITRAN simulation,
the exemplary profiles are typically Lorentzian. In the spec-
tral window available with an exemplary laser, about five
water transitions typically contribute significantly to the over-
all absorption shape. Data analysis procedure consists of {it-
ting five Lorentzian profile shapes over generated data, simi-
lar to previous curve {ittings associated with a different
spectral range (see, e.g., B. H. Armstrong, J Quant. Spec-
trosc. Radiat. Trans., 7, (1966) 61-68).

[0085] Line central wavelengths of the five Lorentzians are
taken from the HITRAN database and widths and peak inten-
sities of about five Lorentzians are varied. In addition, a third
order polynomial curve {it to a slowly varying background is
included. The half-width and intensity of a preferred transi-
tion of interest at about 6801 cm™" can be used for further
analysis. FIG. 9 graphically 1llustrates measured and simu-
lated profile half-widths for this line versus partial pressure.
In the calibration examples, the temperature and partial pres-
sure are known since they are externally controlled. Good
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agreement results between theoretical half-width versus par-
tial pressure and an exemplary counterpart within about 10%
over a wide range of partial pressure values. FIG. 10 shows
measured peak intensities as a function of water partial pres-
sure and temperature, both controlled with respect to the
calibration analysis.

[0086] Peak intensity 1s related to temperature linearly and
separate calibration lines for each partial pressure result as
predicted 1n FIG. 8. Shift in peak intensity at a fixed tempera-
ture with variation of partial pressure 1s due to line broadening
as shown 1n FIG. 4. This calibration diagram 1s subsequently
used 1n active fuel cell measurements to determine tempera-

ture once partial pressure of water 1s determined from mea-
surements associated with FIG. 9.

Example 3
Steady-State Fuel Cell Tests

[0087] In an exemplary embodiment, measurements of
water partial pressure and temperature are carried out on an
air (cathode) side of an exemplary fuel cell. Operating tem-
perature of the fuel cell 1s varied over a range from about 60°
C. to 80° C. Relative humidity of air and H, flow streams
entering cathode and anode sides of the fuel cell are also
varied from about 40 to 90%. In an exemplary embodiment,
air flow rate 1s maintained at about 1.2 lpm while that of
hydrogen 1s fixed at about 1.0 Ipm for the measurement tech-
niques disclosed herein. External load 1s varied as a step
function so that each load setting corresponds to a particular
value of current density drawn from the cell.

[0088] Spectroscopic measurements are carried out at each
value of the load after allowing the cell to reach steady-state
operation. FIG. 11(a-b) illustrate water partial pressures and
temperatures measured and/or equated under these condi-
tions using calibration curves associated with F1GS. 9 and 10.
Water vapor partial pressure rises from an inlet value as more
current 1s drawn from the cell. As load on the fuel cell
increases, the current and therefore proton flux also increases.
Increased current produces more water at the cathode side and
results 1n increased water partial pressure observed. Since
temperature of the cell 1s controlled by an external heating
pad and 1s allowed to reach steady-state for each operating
condition, steady-state temperature profiles do not show sig-
nificant changes as current 1s increased with respect to low
currents. At higher currents, heat production in the cell 1s
large enough to show a 5-10° C. rise 1n the local gas-phase
temperature.

[0089] An error estimate associated with the results can be
determined from the calibration curve for partial pressure 1n
FIG. 9, where the scatter of the data points about the linear {it
1s about £5%, similar to measurements associated with using,

a different laser system. Error 1in temperature measurement
may arise from three sources: (1) measurement noise seen as
scatter of data points about a linear best fit of F1G. 10; (2) error
from linear interpolation of temperature i1 the value of peak
intensity falls in between two calibrated pressure lines; and
(3) the £5% uncertainty associated with measurement of
partial pressure, which in turn results 1n an uncertainty in
locating an 1so-partial pressure line for temperature determi-
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nation. All these sources of error combined results 1n an
uncertainty of £2.5° C. 1n temperature determination from
measured data.

Example 4

Fuel Cell Tests Under Simulated Dynamic Condi-
tions

[0090] In addition to temperature recovery, a particular
advantageous aspect associated with the present disclosure
includes extension of measurements of fuel cell gas-phase
properties to fuel cells undergoing dynamic cycling.
Dynamic condition testing 1s of importance, particularly with
respect to the automobile industry. Procedures associated
with previously described calibration profile generation 1s
generally applicable with respect to dynamic condition test-
ing with the exception of at least one exemplary embodiment.
External load on an exemplary fuel cell 1s varied according to
a load schedule recommended by the U.S. Fuel Cell Council
(see, e.g., US Fuel Cell Council, Protocol on Fuel Cell Com-
ponent Testing, www.usicc.com). A particular external load
sequence, shown in FIG. 12, has a total cycle time of about
300 seconds.

[0091] In an exemplary embodiment, measurements of
water absorption spectra and resulting partial pressures and
temperatures are taken just before, during rise, and near end
of each dynamic feature 1n a particular load cycle. FIG. 13
illustrates partial pressure and temperature profiles for a fuel
cell operating under a dynamic cycle with nominal cell tem-
perature at about 60° C. and inlet water vapor partial pressure
in the air stream of about 0.07 atm.

[0092] With respect to these exemplary operating condi-
tions, cell temperature does not significantly vary. However,
water partial pressure 1s observed to increase during each
dynamic load feature as more current 1s drawn. Water partial
pressures measured immediately after the fast rise 1n each
feature are 1dentical to those measured 10 seconds later. This
indicates that gas composition follows electrical loading very
rapidly. Likewise, after each load 1s removed rapidly, water
partial pressure returns to inlet value within 10 seconds.
These measurements show that the time response of the cell 1s
significantly less than 10 seconds to follow these rapid
changes.

[0093] FIG. 14 1illustrates similar measurements during
similar load cycles but with a nominal cell temperature of
about 80° C. and an inlet water partial pressure of about 0.19
atm. A dashed line 1n FIG. 14 represents values of water
partial pressure that would be obtained under steady-state
conditions under similar cell temperature and current, based
on measurements associated with FIGS. 11(a-b). Quasi-
steady-state values are slightly higher than values measured
under dynamic cycling for low currents. During the last half
of the dynamic load cycle, when the peak current 1s higher, the
actual and quasi-steady values are equal. Thus, the fuel cell
reaches a value closer to quasi-steady conditions when
cycling to higher currents.

[0094] As with measurements associated with a colder cell,
measurements made about 10 seconds after a fast fall feature
in a cycle have attained inlet partial pressure values. Thus, for
both previously described operating conditions, the time
response of the gas-phase properties are less than about 10
seconds. Moreover, the time response should be much less
than 10 seconds to achieve complete equilibration when the
cell 1s unloaded. It should be noted that the measurements
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referred to with respect to the previously described exemplary
embodiments are spatially averaged across a channel length
with a temporal resolution of about 8 seconds; thus, local and
temporal variations from these results with finer resolution
cannot be excluded.

[0095] With respect to relatively hotter tuel cell operating
conditions, cell temperature noticeably rises during each load
cycle feature, as shown 1n FI1G. 14. While the cell 1s nominally
controlled at about 80° C., the local temperature in the gas
passage ol the bipolar plate typically rises as high as about 90°
C. due to the rapid cycling of the cell from the steady-state
value. The external temperature control cannot follow these
rapid changes. The temperature 1s controlled by a temperature
controller whose response time and time needed for heat to
dissipate and make the cell attain the nominal value 1s large
compared to the cell cycling time. Partial pressure on the
contrary 1s not controlled by external means. For partial pres-
sure, 1t 1s chemical kinetics responsible for adjusting to the
dynamic cycling associated with external load. FIG. 14 sug-
gests that the chemical kinetics and water transport 1s fast
enough to reach nearly quasi-steady-state conditions.

[0096] Inanexemplary embodiment, the present disclosure
relates to measurement of partial pressure and temperature
during both steady-state and dynamic cycle operation of a
PEM fuel cell. Diagnostic techniques associated with the
present disclosure are adapted to monitor laser transmission
and water absorption through at least one tlow passage asso-
ciated with a bipolar plate. Simulations of water absorptivity
are utilized to select a laser wavelength that optimizes sensi-
tivity to temperature and partial pressure for operating con-
ditions associated with a PEM fuel cell. Calibration measure-
ments 1n a non-operating cell are used to validate exemplary
operating parameter models. A laser system according to the
present disclosure 1s effective to facilitate measurements 1n a
steady-state cell, and 1s adapted to further extend to include
temperature measurements and measurements of both tem-
perature and water partial pressure during dynamic fuel cell
operation. Dynamic operating conditions can be simulated to

represent environments that may occur in applications such as
automotive, where power demand fluctuates.

[0097] Non-ntrusive 1n-situ measurements do not disturb
tuel cell operation. Moreover, experimental data indicates
that gas-phase properties follow external loading with a time
response of less than about 10 seconds. However, the internal
temperature 1n flow passages associated with the bipolar plate
1s not fully regulated by external fuel cell heating pads and 1t
shows a significant, about 10° C., increase during dynamic
tuel cell operation.

[0098] Systems and methods associated with present dis-
closure offer significantly enhanced techniques for measur-
ing gas partial pressure and temperature of a fuel cell 1n-situ.
Although the present disclosure has been described with ref-
cerence to exemplary embodiments and implementations
thereol, the disclosed systems and methods are not limited to
such exemplary embodiments/implementations. Rather, as
will be readily apparent to persons skilled 1n the art from the
description provided herein, the disclosed systems and meth-
ods are susceptible to modifications, alterations and enhance-
ments without departing from the spirit or scope ol the present
disclosure. Accordingly, the present disclosure expressly
encompasses such modification, alterations and enhance-
ments within the scope hereof.
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What 1s claimed:

1. A system for measuring partial pressure and temperature

within a fuel cell, comprising:

(a) a fuel cell having a proton exchange membrane (PEM)-
clectrode assembly and a bipolar plate, the bipolar plate
including at least one flow channel adapted to allow for
transmission of light through the at least one flow chan-
nel:;

(b) at least one light source adapted to transmit light
through the at least one flow channel;

(c) at least one reference light sensor for measuring the
light transmitted from the light source prior to passing
through the at least first flow channel; and

(d) at least one transmission light sensor for measuring the
light transmitted through the at least one flow channel;

wherein the measured light transmitted through the at least
one tlow channel represents light absorption through the
flow channel and 1s processed along with the reference
light measurement to determine values for at least one of
a gas species partial pressure or a fuel cell temperature.

2. The system according to claim 1, wherein the at least one
flow channel associated with the bipolar plate includes oppo-
sitely positioned first and second collimating lenses coupled
with optical fibers, and wherein each collimating lens 1s posi-
tioned at opposite ends of the tlow channel.

3. The system according to claim 2, wherein the optical
fibers are selected with reference to a specific wavelength
associated with the light source and with reference to an
absorption profile of a gas species.

4. The system according to claim 1, wherein the light
source 15 a laser light source and the transmitted light 1s a laser
beam.

5. The system according to claim 4, wherein the bipolar
plate includes at least one flow channel adapted to allow for
transmission of a near infrared laser beam through the flow
channel.

6. The system according to claim 1, wherein the gas species
1s a gas selected from the group consisting of water vapor,

CO, CO,, CH,, H,, O,, and combinations thereof.

7. The system according to claim 1, wherein the measured
light transmission 1s characterized by tunable diode laser
absorption spectroscopy (ITDLAS).

8. The system according to claim 1, wherein the light
measurements are taken during steady-state tuel cell opera-
tion.

9. The system according to claim 1, wherein the light
measurements are taken during dynamic fuel cell operation.

10. The system according to claim 1, wherein the reference
light sensor and the transmission light sensor are photodiode
sensors characterized by a fiber optic coupled diode-sensor.

11. The system according to claim 1, wherein the transmut-
ted light 1s characterized by a light wavelength adapted to be
transmitted over several water rotational and vibrational tran-
sition states 1n the fuel cell.

12. The system according to claim 1, wherein the bipolar
plate includes a plurality of flow channels, and wherein each
of the plurality of tlow channels 1s adapted to allow for light
to pass through the flow channel and be measured by a light
SENnsor.

13. The system according to claim 1, wherein light mea-
surements are taken 1n a non-operating fuel cell having input
gas streams ol known humidity thereby allowing for calibra-
tion of fuel cell parameters.
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14. The system according to claim 13, wherein the param-
cters are selected from the group consisting of light absorp-
tion, gas inputs to the tuel cell, operating temperature, humaid-
ity of gas inputs and combinations thereof.

15. The system according to claim 1, wherein light mea-
surements are taken 1n a non-operating fuel cell having input
gas streams of known humidity thereby allowing for testing
of fuel cell response to different fuel cell parameters.

16. The system according to claim 1, wherein the light
measurements are taken during fuel cell operation to allow for
examining effects of incoming gas humidity and load on
water vapor partial pressure in the at least one flow channel.

17. The system according to claim 1, wherein the partial
pressure and temperature values resulting from measured
light transmission are received by at least one fuel cell con-
troller adapted to process the measured light values and,
based on the measurements, control output of at least one
system component selected from the group consisting of a
heating source adapted to heat the fuel cell, at least one
humidifier adapted to humidify at least one 1nlet stream 1nto
the tuel cell, a load box or external circuit adapted to apply
load on the fuel cell, and combinations thereot to operate the
tuel cell at desired operating conditions.

18. The system according to claim 1, wherein the partial
pressure values resulting from measured light transmission
and the reference light transmission sensor are received by at
least one data acquisition and laser controller adapted to
process the measured values and based on the measurements
control output of at least one system component selected from
the group consisting of a light source temperature controller,
a light source current controller and combinations thereof to
transmit light at a desired wavelength.

19. The system according to claim 1, wherein several mea-
surements are taken across the at least one tlow channel to
generate at least one parameter profile for at least one known
parameter versus the partial pressure and temperature mea-
surements.

20. The system according to claim 2, wherein the collimat-
ing lenses are adapted to: (1) seal the flow channel; and (11)
collimate the transmitted light.

21. A system for measuring parameters associated with a
fuel cell 1n s1itu comprising:

(a) a fuel cell including: (1) an air stream inlet on a cathode
side; (11) a hydrogen stream inlet on an anode side; and
(111) a bipolar plate positioned between the cathode side
and the anode side, the bipolar plate having at least one
flow channel adapted to allow for light transmission
through the flow channel;

(b) a light source adapted to transmit a light beam through
the at least one tflow channel;

(¢) a reference light sensor coupled to the light transmis-
s1on prior to transmission of light through the flow chan-
nel:;

(d) a transmission light sensor coupled to the light trans-
mitted through the flow channel;

(¢) a data acquisition and light control apparatus coupled to
the reference light sensor, the transmission light sensor,

a light source temperature controller and a light source
current controller:

wherein the light source temperature controller and the
light source current controller are 11 communication
with the light source and operably adapted to modity the
light transmission from the light source;



US 2008/0118783 Al

wherein the data acquisition and light control apparatus 1s
a computer that processes the reference light values and
the transmitted light values from the light sensors to
generate data on gas species partial pressure and fuel cell
operating temperature.

22. The system according to claim 21, further comprising;:
(1) a hydrogen stream humidifier adapted to humidify an inlet
hydrogen stream coupled to the hydrogen stream 1nlet asso-
ciated with the tuel cell; (11) an air stream humidifier adapted
to humidily an inlet air stream coupled to the air stream inlet

associated with the tuel cell; and (111) a heating source coupled
to the fuel cell.

23. The system according to claim 22, wherein the hydro-
gen stream humaidifier, the air stream humidifier and the heat-
ing source are each i communication with a fuel cell con-
troller adapted to adjust: (1) the humidity of the inlet hydrogen
stream, (11) the humidity of the inlet air stream and (111) the
temperature of the fuel cell.

24. The system according to claim 23, wherein the tuel cell
controller 1s 1n communication with an electrical load box
coupled to the fuel cell, and wherein the electrical load box 1s
adapted to deliver voltage to the fuel cell.

25. The system according to claim 21, wherein the light
source 1s a laser light source adapted to transmit a laser beam.

26. The system according to claim 21, further comprising
an optical splitter adapted to split the light transmitted from
the light source into areference beam coupled to the reference
light sensor and a transmission beam that passes through the
at least one flow channel coupled to the transmaission light
SEensor.

27. The system according to claim 21, wherein the light
sensors are photodiode light sensors.

28. The system according to claim 21, wherein the fuel cell
1s a proton exchange membrane (PEM) fuel cell.

29. A method for measuring partial pressure and tempera-
ture of a fuel cell, comprising the steps of:
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(a) transmitting light from a light source through at least a
first flow channel of a bipolar plate included 1n a fuel
cell;

(b) measuring the transmitted light from the light source by
a reference light sensor;

(¢) measuring the transmitted light through the flow chan-
nel by at least one transmission light sensor coupled to
the flow channel, and

(d) generating at least one of a gas species partial pressure
data or fuel cell temperature data from the light mea-
sured by the reference light sensor and the transmission
light sensor.

30. The method according to claim 29, wherein the refer-
ence light sensor and the transmission light sensor are 1n
communication with a data acquisition and light controller
apparatus adapted to recerve the sensor measurements and
generate the partial pressure and temperature data.

31. The method according to claim 30, wherein the data
acquisition and light controller apparatus 1s 1n communica-
tion with a light source temperature controller and a light
source current controller coupled to the light source.

32. The method according to claim 29, wherein the light
source 1s a laser light source adapted to transmit laser light
beams through the flow channel.

33. The method according to claim 29, wherein the fuel cell
includes a hydrogen stream inlet and an air stream inlet, and
wherein the hydrogen stream inlet passes through a hydrogen
stream humidifier and the air stream 1nlet passes through an
alr stream humidifier.

34. The method according to claim 33, wherein the hydro-

gen stream humidifier and the air stream humidifier are 1n
communication with a fuel cell controller.

35. The method according to claim 34, wherein the fuel cell
1s coupled to an electrical load box adapted to deliver voltage
to the fuel cell and a heating source adapted to heat the fuel
cell, and wherein the electrical load box and the heating
source are 1n communication with the fuel cell controller.
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